Escherichia coli is a model organism that has been exploited to reveal key details of hydrogen peroxide stress: the biomolecules that H 2 O 2 most rapidly damages and the defensive tactics that organisms use to fend it off. Much less clear is the amount of exogenous H 2 O 2 that is sufficient to injure the bacterium and/or to trigger its stress response. To fill this gap, we need to study the behavior of cells when they are exposed to defined amounts of H 2 O 2 on an hours-long time scale. Such experiments are difficult because bacteria rapidly consume H 2 O 2 that is added to test cultures. Further, lab media itself can generate H 2 O 2 , and media components interfere with the quantification of H 2 O 2 levels. In this study we describe mechanisms by which media components interfere with H 2 O 2 determinations, and we identify simple ways to minimize and correct for this interference. Using these techniques, it was shown that standard media generate so much H 2 O 2 that most intracellular H 2 O 2 derives from the medium rather than from endogenous metabolism. Indeed, bacteria spread on plates must induce their stress response or else perish. Finally, two straightforward methods were used to sustain low-micromolar steady-state concentrations of H 2 O 2 . In this way we determined that > 2 μM extracellular H 2 O 2 is sufficient to trigger the intracellular OxyR stress response, and > 5 μM begins to impair cell growth in a minimal medium. These concentrations are orders of magnitude lower than the doses that have typically been used in lab experiments. The new approaches should enable workers to study how various organisms cope with natural levels of H 2 O 2 stress.
Introduction
In 1900 Oscar Loew reported that tobacco exudates contain a protein that degrades hydrogen peroxide (H 2 O 2 ) [1] . Since it was among the first proteins shown to catalyze a chemical reaction, he named it catalase. It subsequently became clear that catalases and partner enzymes, peroxidases, are virtually universal among organisms of all types. He inferred that somehow cells must confront hydrogen peroxide, but the circumstances remained mysterious.
Studies of the model bacteria Escherichia coli and Salmonella typhimurium determined that their catalase and primary peroxidase are strongly induced when H 2 O 2 is added to the culture medium [2] [3] [4] . Cell membranes are semi-permeable to H 2 O 2 , and so it diffuses into the cell, where it oxidizes the sensory cysteine residue of the OxyR transcription factor [5] . The resultant sulfenate residue condenses with a second cysteine, creating a disulfide bond that locks the OxyR into an active conformation. It binds upstream of genes that encode key defensive proteins and activates their transcription. The products include not only the KatG catalase and AhpCF peroxidase but also the miniferritin Dps, the manganese importer MntH, the SufABCDE iron-sulfur assembly machinery, and others [6] . The iron-based PerR transcription factor controls a similar response in Bacillus subtilis, while Yap1 is the key regulator in yeasts [7, 8] . These systems are wide-spread, leading to a view that H 2 O 2 is a common stress in oxic environments.
Although some H 2 O 2 is formed endogenously by the autoxidation of redox enzymes, the amount is not sufficient to activate OxyR [9, 10] . Therefore, the existence of these regulons implies that bacteria occasionally encounter threatening doses of H 2 O 2 in their environment. There are several plausible sources of this H 2 O 2 . It is likely formed when oxygen oxidizes reduced sulfur and transition-metal species at oxic/anoxic interfaces [11] . It is also generated at a rapid pace by lactic acid bacteria, which excrete H 2 O 2 as a stoichiometric product of their aerobic carbohydrate catabolism [12, 13] . And both plants and animals wield NADPH oxidase as a weapon that suppresses the growth of invading microbes by dowsing them with H 2 O 2 and O 2 - [14, 15] .
how much H 2 O 2 is needed to compromise their fitness. Unfortunately, the experiment is not easy: when sub-millimolar H 2 O 2 is added to standard laboratory cultures, the collective scavenging activity of the cells clears it from the medium in minutes-too quickly for its impact upon growth to be discerned [10] . Millimolar concentrations certainly block growth and even kill cells, but it is unlikely that such amounts are found in natural environments. Nevertheless, we and others have frequently resorted to such high doses in order to study aspects of stress. Such experiments can be misleading because excess H 2 O 2 may create crippling injuries that would be scant at natural doses. One alternative approach has been to use the enzyme glucose oxidase to continuously generate lower levels of H 2 O 2 in culture media [16] [17] [18] . Balanced against cellular scavenging activities, glucose oxidase can establish a constant steady-state level of H 2 O 2 . That level is likely to decline steadily, however, as increases in cell density tip the balance towards H 2 O 2 decomposition and as excreted proteases inactivate the enzyme. Workers have not usually tracked the H 2 O 2 level in the presence of live cells to evaluate the impact of these issues.
To circumvent such problems, scavenger-deficient mutants have been generated through the disruption of catalase and peroxidase genes. Such mutants are exceptionally sensitive to growth inhibition by H 2 O 2 . The E. coli mutants grow at normal rates in anoxic media, but upon aeration the cultures accumulate several micromolar intracellular H 2 O 2 -which is enough to block growth. The H 2 O 2 does so by inactivating enzymes that use solvent-exposed iron-sulfur clusters or mononuclear Fe(II) as catalytic cofactors [19] [20] [21] [22] . The H 2 O 2 oxidizes the iron, and ferric iron dissociates from the active site, thereby inactivating the enzymes and blocking the processes to which they contribute. The affected pathways include the biosynthesis of branchedchain and aromatic amino acids, the TCA cycle, and the pentosephosphate pathway. Several of the OxyR-induced proteins help to moderate these effects [23] .
How much H 2 O 2 is sufficient to impair the growth of wild-type cells? Because the membrane constitutes a significant permeability barrier, and the intracellular titers of scavenging enzymes are remarkably high, the external and internal concentrations of H 2 O 2 can differ substantially [24] . Calculations suggest that when E. coli is exposed to external H 2 O 2 , the intracellular concentration of H 2 O 2 will be at least five-fold lower, and the gradient will become even steeper as scavenging enzymes are induced [10] .
To resolve this question, and more generally to study cells in the context of physiological stress, it is necessary to design experiments in which external H 2 O 2 concentrations can be controlled for the hours needed to quantify growth defects. Three technical problems have confounded efforts to do so. First, medium components interfere with the most sensitive assays of H 2 O 2 , making it difficult to track the extracellular levels. Second, media also can produce H 2 O 2 through chemical [25] [26] [27] and photochemical [28] [29] [30] [31] processes. These effects can interfere with efforts to poise extracellular H 2 O 2 at very low levels. Finally, to compensate for the robust scavenging actions of cultures, H 2 O 2 must be continuously regenerated in the medium. In this study we describe simple ways to cope with these problems. We then use these methods to determine that low-micromolar external H 2 O 2 is sufficient to activate the OxyR system, and slightly higher concentrations can substantially inhibit growth. The implication is that these doses occur in natural habitats and comprise the stress against which cells must defend themselves.
Materials and methods

Reagents
Casamino acids (Hy-Case Amino), type 2 horseradish peroxidase, 30% hydrogen peroxide, diethylenetriaminepentaacetic acid (DTPA), ascorbic acid, dithiothreitol, bovine liver catalase, riboflavin, 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), and 2-nitrophenyl B-Dgalactopyranoside (ONPG) were from Sigma-Aldrich. Tryptone (a pancreatic digest of casein) was purchased from Becton, Dickinson & Co.; Amplex UltraRed, from Invitrogen; and phenol, from Ambion.
Bacterial strains and growth media
LB medium contained (per liter) 10 g bactotryptone, 5 g yeast extract, and 10 g NaCl [32] . Minimal A defined medium contained (per liter) 10.5 g dibasic potassium phosphate, 4.5 g monobasic potassium phosphate, 1 g ammonium sulfate, 0.5 g sodium citrate dihydrate, and 0.8 mM magnesium sulfate heptahydrate, adjusted to pH 7 [32] . Unless otherwise indicated, 0.2% glucose was provided as a carbon source. Cultures were grown with vigorous shaking at 37°C. Growth was tracked either at the conventional 600 nm or, in very dilute cultures, at 420 nm. At the latter wavelength the absorbance of a culture is twice that at 600 nm.
Phenomena were verified with two wild-type K-12 strains: MG1655 and its ΔoxyR::spec derivative AL342, and GC4468 and its ΔoxyR::spec derivative AS430. Induction of the katG gene was monitored in AL441, which is an MG1655 derivative carrying Δ(lacZ1::cat)1 attλ:: [pSJ501::katG'-lacZ + ]~cat. The ΔoxyR::spec allele was obtained from a strain provided by Gisela Storz. The katG-lacZ fusions were derived from other strains previously constructed in the lab [33] . These alleles were transferred by standard P1 transduction [32] and confirmed by PCR analysis.
Measurements of H 2 O 2
The H 2 O 2 assays can be adjusted, but the following protocol represents the method that was derived to work with samples that might include inhibitory substances. Notably, the sample was diluted 1:10 into the assay reaction to lessen any interference arising from inhibitors in the sample. Reactions (2 ml) contained 50 mM dibasic potassium phosphate/1 mM DTPA, adjusted to pH 7.8; plus (in order) 0.2 ml sample, 50 μl of 0.25 mM Amplex UltraRed (AR), and 100 μl 0.25 mg/ ml horseradish peroxidase (Sigma P8250). Reactions were rapid, and final fluorescence was measured after 20 s. Lesser amounts of HRP would also be sufficient, although the reaction time may need to be extended. The presence of DTPA prevents iron-dependent H 2 O 2 degradation or thiol oxidation, but in most sample types its inclusion was unnecessary. The fluorometer (Shimadzu model RF-Mini150) used 520 nm excitation and 620 nm emission filters. The peroxidase was prepared for each use as a 0.25 mg/ml stock solution in 50 mM KPi. The AR solution was prepared by dissolving 1 mg in 1 ml DMSO, which was then diluted to a final volume of 16 ml of 50 mM KPi, pH 7.8, to obtain a 0.25 mM solution that was stored at − 20°C. The frozen solution was stable for months. During experiments the thawed stock AR solution was held on ice in a foil-wrapped tube to prevent photochemical oxidation.
When the H 2 O 2 samples involved a simple buffer, this assay could easily detect 0.25 μM H 2 O 2 in the 0.2 ml sample. As discussed in the text, sensitivity was diminished if the samples contained components that suppressed the oxidation of the AR. In general, even if components diminished the signal (see discussion of tyrosine, ascorbate, and DTT), the signal remained proportionate to the concentration of H 2 O 2 . Therefore, the response could be corrected by standard additions. Typically, an aliquot of sample was used in the HRP reaction. To a second reaction with sample was added a known amount of H 2 O 2 (e.g., 100 μl 10 μM), prior to the addition of AR and HRP, and the difference in fluorescence was used to calibrate the assay. To test the abilities of wild-type cells (MG1655) and ΔoxyR mutants (AL342) to form colonies on plates, bacteria were first cultured into exponential phase in anoxic minimal A glucose medium containing 0.5 mM (each) Pro, His, Leu, Arg, and Thr. Both glucose and LB plates had been poured 18 h previously and solidified either on the lab bench top or in the anaerobic chamber. Where indicated, oxic plates were also top-spread with 70 μl of a catalase solution (ca. 100 U; Sigma bovine liver catalase, C3155) after filter sterilization through a 0.45 µm syringe filter. Bacteria were then streaked onto plates, which were photographed the next day.
Other chemical reactions
The imposition of constant micromolar H 2 O 2 stress upon bacterial cultures
Two approaches were developed to expose wild-type (scavengerproficient) cells to a steady concentration of H 2 O 2 : constant production by irradiated lumichrome, and repeated additions of H 2 O 2 to dilute bacterial cultures.
Lumichrome can be purchased (Sigma-Aldrich), but for these experiments it was prepared by irradiation of riboflavin [34] . Riboflavin (0.9 mg/ml) was dissolved in 10 ml H 2 O with 1 drop of 3 M KOH. The solution was then irradiated for 3 h by a standard visible light bulb (Sylvania Ultra LED, 1600 lm) from 5 in, until the 446 nm riboflavin peak [35] had been reduced by 95%. For growth studies, bacteria were grown at least 5 generations in log phase (< 0.2 OD 600 ) and then diluted to 0.020 OD 600 in 15 ml glucose medium containing 0.5 mM Trp. The medium was freshly prepared, to avoid pre-existing H 2 O 2 that might otherwise be formed by glucose oxidation. Various concentrations of lumichrome were added. The cultures were irradiated by the same bulb, which was suspended in a reflective painter's lamp housing 8 in. above the platform of a 37°C shaking water bath. Cell growth was tracked by absorbance at 600 nm. In this arrangement, the role of Trp is to serve as an electron donor to photoexcited lumichrome, which then transfers the electrons to oxygen. To some samples sterile catalase was added to a final activity of 15 U/ml. At intervals, aliquots were filtered to remove bacteria, and the filtrate was frozen on dry ice and stored at − 80°C. Later, these aliquots were thawed, and their H 2 O 2 content was measured. Control experiments confirmed that H 2 O 2 levels did not change during freeze/thaw and storage. Note that the steady-state concentration of H 2 O 2 in the medium represents the balance between its production by lumichrome and its degradation by cells; therefore, at higher cell densities more lumichrome or fluence is needed to establish a given H 2 O 2 concentration.
In an alternative protocol, H 2 O 2 concentrations in very dilute cultures could be established and maintained by periodic sampling and resupplying. Exponentially growing bacteria in fresh minimal A glucose medium were diluted to a density of 0.0025-0.005 OD 600 (0.005-0.010 OD 420 ), and H 2 O 2 was added to a target concentration. Every 5-10 min samples were withdrawn, the H 2 O 2 level was measured, and the drop in H 2 O 2 from the target level was compensated by addition of more H 2 O 2 . At the same time, growth was tracked by absorbance at 420 nm. The frequency of H 2 O 2 measurement and adjustment was enough to constrain the H 2 O 2 range within 10-15% of a mean value. Because a minimal glucose medium was used, H 2 O 2 was able to impair growth by impeding amino acid synthesis.
The preceding arrangement was also employed to identify the extracellular H 2 O 2 doses that induce the OxyR regulon. Strain AL441 was derived from wild-type strain MG1655, but it additionally has a chromosomal lacZ deletion and a katG-lacZ transcriptional fusion inserted at the lambda attachment site. Thus the native katG locus remains intact and functional. Log-phase cultures in minimal glucose medium were diluted to 0.0025 OD 600 , and 60 ml cultures were rigorously shaken in 250 ml flasks. Selected amounts of H 2 O 2 were added, and the H 2 O 2 was frequently measured and supplemented as described above. Cell growth was simultaneously monitored at 420 nm. After 2 h, 300 U catalase were added to each culture. Forty ml of culture was removed, and SJ130 (as MG1655 plus ΔlacZ) was added to 0.1 OD 600 as carrier bacteria to enable effective centrifugation of the low-density AL441 cells. Cells were washed, suspended in 1 ml cold 50 mM Tris, pH 8, and lysed by French press. Debris was removed by 20 min centrifugation at 20,000 ×g, and the extracts were assayed for β-galactosidase activity and total protein. The β-galactosidase activity was normalized to OD 420 of the AL441 samples, after minor correction for slight variations in the efficiency of cell lysis (as represented by total protein recovered, primarily representing the added SJ130 cells). Catalase (15 U/ml) was added to a control culture at time zero to ensure the absence of H 2 O 2 in the medium. The β-galactosidase activity (U/OD 420 ) of the catalasetreated culture was set to a normative value of 1, and the rate of β-galactosidase synthesis during the two-hour H 2 O 2 exposure was specifically determined by subtracting out the starting β-galactosidase activity and OD 420 of the cultures.
Results
Tyrosine interferes with H 2 O 2 detection in laboratory media
Horseradish peroxidase (HRP) is widely used in conjunction with chromatic and fluorescent substrates to detect low concentrations of H 2 O 2 . An especially popular substrate is Amplex UltraRed (AR), which is oxidized to its fluorescent form by the compound I and compound II redox states of the enzyme (Fig. 1) . However, the utility of this system is diminished in complex media, in which the signal can be erratic and much diminished. As a first step to address this problem, we noted that tryptone, a common component of complex media, suppresses the signal when HRP/AR are used to quantify H 2 O 2 ( Fig. 2A) . Tryptone is prepared through tryptic digestion of casein protein, and the suppressive effect was reproduced by casamino acids, an acid hydrolysate of casein (Fig. 2B) . A mixture of purified amino acids also replicated the effect, indicating that the active factor(s) were amino acids per se, rather than the peptides and contaminants that are also present in tryptone and casamino acids.
Subsequent add-in and drop-out experiments showed that tyrosine was necessary and sufficient to cause the effect (Fig. 2B) . We found that signal suppression depended upon the order in which HRP and AR were added to the H 2 O 2 -detection reaction (Fig. 2C) , with greatest suppression occurring if the addition of AR occurred last. This observation implied that tyrosine might act as an electron donor for HRP, thereby driving the degradation of substantial H 2 O 2 before the fluorescent substrate was added. Fig. 2D verifies that H 2 O 2 disappears when HRP and tyrosine are co-incubated with it.
Tyrosine and AR are both phenolic compounds, and compounds I and II are able to oxidize a variety of phenols [36, 37] . Phenol itself is an excellent substrate for HRP (Fig. 3A) . The data indicate that tyrosine is a competitive inhibitor of AR oxidation, and indeed the extent of AR oxidation depended on the relative concentrations of AR and tyrosine in the HRP reaction (Fig. 3B) . Therefore, the sensitivity of the HRP/AR detection system is maximized if the tyrosine concentration in the reaction is minimized, if HRP is added last, and if AR levels are high. Importantly, the data also demonstrate that H 2 O 2 measurements should be accompanied by standard curves that are executed in the same mixture as the actual samples.
Other compounds interfere by reducing the AR radical
Further work revealed examples of other sources of inhibition. Ascorbic acid inhibited the fluorescent signal to a limit of approximately 75% (Fig. 4A ). This effect was unaffected by the AR concentration (Fig. 4B) , indicating that ascorbate does not compete with AR for the compound I and II forms of HRP. Ascorbate similarly inhibits the oxidation of phenol (Fig. 4C) . A by-product of this inhibition is the oxidation of ascorbate (an effect that is obscured by the spectrum of AR) (Fig. 4C ). These data indicate that ascorbate reduces the phenolic radicals that are the initial products of phenols with oxidized HRP. The inability of ascorbate to completely eliminate AR oxidation suggests that some AR molecules are divalently oxidized before they escape the HRP active site into the bulk solution. In any case, the residual ascorbate-resistant AR oxidation still presents a linear response to H 2 O 2 , indicating that H 2 O 2 can be accurately quantified as long as standardaddition protocols are performed to correct for the suppressive effect.
This action of ascorbate mimics its reduction of radicals of acetaminophen, another phenolic substrate of HRP [38] . In contrast, although NADH reduced HRP-oxidized guaiacol and scopoletin radicals, thereby disrupting H 2 O 2 detection and initiating free-radical chains Fig. 1 [68] converts its heme cofactor to compound I, containing both a ferryl species and a porphyrin radical. Compound I can be univalently reduced by dyes such as AR to a ferryl species with a reduced porphyrin (compound II). An AR radical is formed. A second reduction event returns the porphyrin to its fully reduced form. Either a second oxidation event or disproportionation of AR radicals (not shown) produces a fully oxidized fluorescent product. This study shows that tyrosine and phenol can compete with AR for compounds I and II, while ascorbate and unidentified components in rich media can reduce the AR radicals back to their reduced forms. [39], NAD(P)H did not interfere with HRP/H 2 O 2 -mediated oxidation of AR (data not shown).
In many media, thiol species such as cysteine or dithiothreitol (DTT) are among the most prevalent redox compounds. In principle they raise the prospect of interference in several ways: by inhibiting the HRP system in the fashion of tyrosine or ascorbate, by directly scavenging H 2 O 2 before the measurement can be performed, or conversely by autoxidizing in aerobic holding conditions and thereby artificially raising the level of H 2 O 2 that is reported. These possibilities were addressed in turn. Moderate amounts of DTT inhibit full AR oxidation in the same fashion as ascorbate (Fig. 5A ), but even when the HRP reaction is conducted with substantial DTT in the mix, good standard curves can be obtained (Fig. 5B) . DTT was a poor scavenger of H 2 O 2 even at room temperature: at neutral pH the half-time for H 2 O 2 depletion by 100 μM DTT was 3 h (Fig. 5C) ); thus at 1 mM N-acetylcysteine, the half-time for H 2 O 2 decomposition would be 10 h. Note that because Fenton chemistry might degrade H 2 O 2 in iron-rich samples, we stabilized all samples prior to assay by including EDTA or DTPA.
The opposing concern-that thiols might artifactually generate H 2 O 2 by autoxidation-proved unfounded. The rate of DTT autoxidation (7 nM/min in a solution of 100 μM DTT) was quite low in the presence of chelators. Cysteine is particularly prone to iron-catalyzed oxidation, but it too is highly stable when chelators are present (0.5% oxidized in 70 min). Thus if samples are stored on ice with chelators prior to assay, thiol redox chemistry has little effect upon H 2 O 2 assays.
In sum, the HRP/AR system can precisely determine micromolar and even sub-micromolar concentrations of H 2 O 2 in complex media mixtures, if the experimenter takes simple steps to detect and correct for the impact of solutes upon the reaction system. Our favored protocol is detailed in the Materials & Methods.
Assays reveal toxic levels of H 2 O 2 in lab media
Bacteria often exhibit reduced fitness when they are plated on oxic rather than anoxic media. This observation pertains to mutant strains that lack oxidative defenses [41] [42] [43] [44] [45] and also to natural isolates of select bacteria [46] [47] [48] [49] [50] . These growth defects are often ascribed to metabolic processes that generate superoxide and H 2 O 2 , and such data are cited as evidence that endogenous oxidants take a toll even on aerobic and facultative microbes. However, an alternative is that chemical processes generate ROS in the media, and the resultant H 2 O 2 penetrates the cell. Calculations show that if the extracellular level of H 2 O 2 were to exceed 0.2 μM, then the rate of H 2 O 2 influx into E. coli would exceed the rate of its intracellular formation [10] .
Using the assay refined above, the concentration of H 2 O 2 was tracked in freshly prepared glucose media. Fig. 6A shows that the H 2 O 2 content of media containing the standard level of glucose (0.2%) surpassed 0.2 μM within 90 min of preparation. The recognized ability of metals to catalyze glucose oxidation [51] was apparently responsible for the majority of this H 2 O 2 , as the H 2 O 2 was formed in proportion to glucose concentration and was suppressed when chelators were added. Peroxide production was also suppressed when glucose was replaced by gluconate, a hexose that lacks the reducing moiety. When media were stored at RT on a lab bench, levels rose to~5 μM within one week (Fig. 6B) (Fig. 6C) (5) where AH 2 represents any of many possible reductants. The same chemistry was exploited in the development of superoxide dismutase activity gels [53] . During prolonged storage the level of H 2 O 2 stabilized at a limit that represents a balance between its photochemical generation and undefined degrading processes. Sampling of LB stocks from members of the lab determined that H 2 O 2 ranged between 2 and 11 micromolar (Fig. 6D) . The two stored samples of Terrific Broth, which contains higher levels of its complex components, contained 27 and 50 μM H 2 O 2 . These concentrations greatly exceed the breakthrough point (0.2 μM) at which the rate of H 2 O 2 entry into the cell exceeds endogenous H 2 O 2 production. In such media internal H 2 O 2 generation does not control cell fate.
The impact of the H 2 O 2 that pervades normal laboratory medium was evidenced by the behavior of E. coli mutants that were spread on either glucose or LB plates. Wild-type cells were able to form typical discrete colonies, but oxyR mutants could not (Fig. 7) . The oxyR mutant grew only in the regions where it was most densely plated, presumably because in those regions the collective basal scavenging activity of the tightly clustered cells quickly cleared the local H 2 O 2 . The oxyR mutant was able to form normal isolated colonies only when it was streaked on plates that were prepared and incubated in the absence of oxygen, or when catalase was top-spread on the plates prior to the bacteria. External catalase has no effect upon endogenous H 2 O 2 , as virtually all H 2 O 2 is degraded before it escapes cells [10] ; therefore, the profound growth defect of the oxyR mutant is wholly driven by H 2 O 2 created by the media. It is apparent that whenever E. coli is streaked onto fresh medium, the influx of H 2 O 2 is so great that cells survive only if they can induce their stress response. When such media are used for strains that are inherently sensitive to H 2 O 2 , there is a substantial threat that the isolated colonies favored by geneticists (Fig. 7B , circled, middle panel) contain suppressor mutations, and further studies of them can be misleading. This observation also has important implications for the use of lab media in isolating bacteria from natural habitats (Discussion).
Quantifying the sensitivity of bacteria to H 2 O 2
In the field of oxidative stress, a key issue is the level of oxidant that impairs the fitness of cells. To answer this question, it is desirable to test cell growth in the presence of various concentrations of extracellular H 2 O 2 . A simple bolus of H 2 O 2 is inadequate, however, because even dilute suspensions of bacteria degrade the H 2 O 2 within minutes, well before a growth outcome can be measured (Fig. 8) . Therefore it is desirable to create a situation that mimics the natural one, in which external H 2 O 2 is continuously generated by environmental processes, while it is simultaneously degraded by bacteria, thereby creating a steady-state extracellular concentration. We have attempted two simple approaches to this problem.
First, we exploited the photochemistry of riboflavin derivatives to allow light-modulated H 2 O 2 formation in liquid cultures (Fig. 9A) . The illumination of lumichrome steadily generated H 2 O 2 for at least 4 h. When wild-type cells were present, this H 2 O 2 created a slight lag after which the cells recovered (Fig. 9B) . In contrast, oxyR mutants were unable to grow. Extracellular catalase restored their growth. Measurements showed that in the oxyR culture the extracellular H 2 O 2 concentration had immediately risen to between 3 and 5 micromolar (Fig. 9C) , where it persisted for almost three hours. Thus this concentration of external H 2 O 2 evidently imposes enough stress upon E. coli to require protection by the OxyR response. This approach may be useful for screening mutants for H 2 O 2 sensitivity, similar to the use of paraquat or menadione [54] in testing superoxide sensitivity.
One difficulty with the lumichrome system is that as cells grow, their collective scavenging activity will increase and the extracellular steady-state H 2 O 2 will fall. To study outgrowth in the face of constant H 2 O 2 , we took another approach. Wild-type cells in exponential phase were diluted to low density into medium that had been freshly prepared so that it contained no pre-existing H 2 O 2 . Hydrogen peroxide was then added and periodically measured and replenished. Fig. 10A shows that even at these low densities-about 100-fold below many studies' logphase cultures-the clearance of H 2 O 2 requires frequent correction. Still, the H 2 O 2 levels can be sustained within 15% of a target value for long periods of time. In order to gain a factor of two in sensitivity, biomass was tracked at 420 rather than 600 nm. Fig. 10B shows that 7 micromolar external H 2 O 2 was sufficient to briefly impair growth. Induction of OxyR then allowed the wild-type cells to recover; an oxyR mutant could not (Fig. 10C) . Interestingly, induction of OxyR did not quite restore the growth rate to that of unstressed cells, either because of the residual stress or because of the metabolic compromises that the OxyR response involves. Similar trials with wild-type cells at other H 2 O 2 concentrations resulted in a detectable but short lag at 5 micromolar H 2 O 2 and no apparent lag at lower concentrations (Fig. 10D) .
These data define 5 micromolar as the threshold at which extracellular H 2 O 2 slows the growth of wild-type E. coli. We also used a katGlacZ fusion to find the minimal dose that initiates the OxyR response. The katG gene, like most members of the regulon, has a significant basal expression that is elevated when OxyR is activated [3, 4, 55] . Fig. 11 shows that extracellular H 2 O 2 concentrations below 2 micromolar failed to induce katG, but higher concentrations caused induction. This trigger point makes sense in the context of growth defects that appear at > 5 micromolar. Together, these data indicate that low-micromolar extracellular H 2 O 2 is enough to be hazardous for E. coli.
Discussion
One goal of this work was to identify, explain, and solve some of the difficulties associated with measuring H 2 O 2 in laboratory media. We found that the tendency of tyrosine to competitively inhibit AR oxidation could be managed by a few simple adjustments: fixing the order in which reactants are added to the HRP reaction, employing sufficient AR, and correcting for any residual effects through the methods of standard additions. Those remedies are enough to enable precise H 2 O 2 measurements in most defined media. Complex media may include additional compounds that, like thiols and ascorbate, can interfere by reducing AR radical intermediates; but these difficulties are minor if the HRP reaction contains moderate amounts of media and, again, if standard additions are used to correct for residual suppressive effects.
Natural H 2 O 2 doses are probably in the low-micromolar range
With a reliable assay in hand, our larger purpose was to appraise the sensitivity of bacterial growth to constant amounts of extracellular H 2 O 2 . We find that the model bacterium E. coli begins to suffer when environmental levels rise to ca. 5 μM, and activation of the OxyR response is needed if growth is to continue. Because the semi-permeable membrane poses a diffusion barrier, the intracellular H 2 O 2 concentration has been estimated to be approximately 10-fold lower. This suggests that as little as 0.5 μM H 2 O 2 is sufficient to impair growth-and indeed doses of this magnitude have been shown to poison iron enzymes inside scavenger-deficient cells, a condition under which intracellular and extracellular concentration equilibrate [19] [20] [21] [22] . In vitro studies confirm that the innate sensitivity of OxyR is sufficient to respond to sub-micromolar H 2 O 2 [9] . Aussel et al. detected brief induction of ahpCF when low micromolar H 2 O 2 was added to cultures of Salmonella typhimurium [56] , and Helmann et al. used a similar dose to derepress the PerR regulon of Bacillus subtilis [57] . Thus the response threshold we have determined for wild-type E. coli falls in line with observations from other bacteria. When one discusses H 2 O 2 stress, lowmicromolar concentrations are the ones that should be considered.
This threshold for bacteriostasis lies 1000-fold below the millimolar concentrations that are often used to appraise the H 2 O 2 sensitivity of various microbes and mutants. In typical experiments, cells are exposed relatively briefly to a large bolus of H 2 O 2 , and the impact upon viability is assessed after 10-60 min by diluting and plating the cells. This protocol can be useful, particularly in evaluating the ability of cells to repair DNA lesions that are potentially lethal [58, 59] , but it does not recapitulate the exposures that cells are likely to experience in natural habitats, and it cannot detect outcomes that arise from enzyme damage. A common alternative approach is to track cell outgrowth in either liquid or plate media to which millimolar H 2 O 2 has been added. In this situation growth cannot resume until the level of H 2 O 2 is driven to submicromolar levels, and so the outcome is primarily determined by the pace at which the studied cells can degrade millimolar H 2 O 2 . Other adaptations to the stress, which are important in improving fitness in the face of constant micromolar doses, do not improve outcome in the face of these high concentrations.
Strikingly Most bacteria, including E. coli, have not evolved to survive phagocytosis, and so we must look elsewhere to understand why they elaborate defenses against exogenous H 2 O 2 . One clue comes from the fact that E. coli regulates a periplasmic cytochrome c peroxidase in a fashion that ensures that OxyR can induce it only when oxygen is absent [62] . The physiological role of the enzyme may be to exploit H 2 O 2 as an alternative respiratory electron acceptor [11] . The apparent K M of this H 2 O 2 -dependent respiration is~5 μM, which gratifyingly is also a dose that effectively activates OxyR. The conundrum is this: the formation of Fig. 10 Reduced sulfur and metal species leaching out of reduced microenvironments are likely to be chemically oxidized when they encounter oxygen. Further, lactic acid bacteria that inhabit such interfaces generate H 2 O 2 as a stoichiometric product of metabolism, and obligate anaerobes do so through adventitious enzyme oxidation [12, 13, 63, 64] . The H 2 O 2 that is generated in these ways would then diffuse into both the oxic and anoxic fluids, stressing any bacteria that reside there. Such interfaces exist at the epithelial margins of the intestine, where E. coli dwells, as well as at the buried anoxic boundaries of soils. The formation of H 2 O 2 in such regions might explain the otherwise peculiar observation that even obligate anaerobes possess potent inducible defenses against H 2 O 2 .
The methods outlined in this paper are deliberately simple, within the reach of most microbiology labs. More sophisticated equipment could be designed, including feedback-controlled chemostats that sustain defined levels of H 2 O 2 . However, illuminated lumichrome provides an easy way to screen strains of interest without creating scavengerdeficient derivatives, while the H 2 O 2 -supplementation method should enable workers to precisely quantify the H 2 O 2 sensitivity of various bacteria.
Misleading outcomes driven by H 2 O 2 in lab media
We found that standard media quickly accumulate enough H 2 O 2 to induce stress response systems in E. coli. The underlying chemistries are familiar; it was our intent to appraise their impact upon common laboratory procedures. Interestingly, the fate of oxidant-sensitive mutants can differ between plate and liquid media. The oxyR mutants failed to form discrete colonies on plates, but they generally grew when inoculated into liquid. The distinction is that when bacteria are spread on a plate, each bacterium finds itself in a veritable ocean of micromolar H 2 O 2 , with little chance of protecting itself by clearing the H 2 O 2 from its environment. It must manifest enough internal defenses to tolerate a constant H 2 O 2 influx, or else perish. In contrast, because bacteria are usually inoculated into liquid at a substantial density, their collective scavenging activities can detoxify the medium. Each cell needs persist only until the H 2 O 2 concentration drops, and then growth can resume. Cultures fail only if the initial inoculum is so dilute that scavenging is ineffective.
The problem of H 2 O 2 toxicity in plate media has been inferred before: the plating efficiencies of some DNA repair mutants, for example, have been improved by top-spreading the plates with catalase [41] [42] [43] 45] . These outcomes have sometimes been assumed to reflect the effects of intracellular H 2 O 2 formation, but it is now clear that they reflect the impact of exogenous H 2 O 2 . The rate at which 5 μM H 2 O 2 flows into E. coli should exceed internal H 2 O 2 production by a factor of 25. Importantly, this analysis suggests that "spontaneous" mutagenesis-which customarily is quantified on plates [65] [66] [67] -may predominantly arise from the H 2 O 2 that contaminates the system. A key point is that the mutagenic impact of endogenous ROS, if any, remains to be determined.
Finally, the micromolar H 2 O 2 that pervades plates potentially suppresses the outgrowth of many bacteria that might otherwise be isolated from natural environments. Several groups have observed that bacterial recovery is markedly improved by the addition of H 2 O 2 scavengers [46] [47] [48] [49] [50] . Efforts to improve plating efficiency by the addition of thiol compounds and ascorbate were generally ineffective, which fits our observation that none of these species is an especially effective chemical scavenger of H 2 O 2 . We are hopeful that simple precautions-such as pouring plates under anoxic conditions or adding catalase when oxygen is unavoidable-will expand the types of bacteria that can be studied in the lab.
